Double differential neutron yields from a thick aluminum target irradiated by 9 MeV deuterons were measured at the Kyushu University Tandem accelerator Laboratory (KUTL). An NE213 liquid organic scintillator (50.4 mm thick and 50.4 mm in diameter) was used as a neutron detector. Neutron yields from the target were measured at nine angles between 0° and 140°. The neutron energy spectra were obtained by means of an unfolding method using FORIST code with the response function of the NE213 scintillator calculated by SCINFUL-QMD code. The experimental result was compared with other measured data at 5 and 40 MeV and the calculation based on intra-nuclear cascade of Liège (INCL) model in PHITS code.
Introduction
Recently, there is the increased demand for high intensity neutron beams in various neutron application fields such as boron neutron capture therapy (BNCT) [1] , production of isotopes for medical use [2] and so on. Deuteron accelerator-based neutron source is proposed as one of the candidates. In the design of deuteron accelerator facilities, it is important to estimate neutron yields and induced radioactivity on the basis of reliable experimental data and theoretical models.
Some theoretical models for deuteron-induced reactions have been proposed. In PHITS [3] , which is a general purpose Monte Carlo particle transport simulation code, the intra-nuclear cascade of Liège (INCL) model [4] is employed as a default option. It is of importance to validate such reaction models using experimental data over a wide range of incident energy.
Experimental data of deuteron-induced reactions are not sufficient to estimate neutron yields. Several experimental data related to neutron source targets such as lithium, beryllium and carbon were measured [5, 6, 7, 8] , however, there are few data for accelerator structure material targets such as iron, aluminum, copper and others. Recently, systematic measurements of double differential thick target neutron yields (DDTTNYs) for several targets have been performed in Kyushu University [9, 10, 11] : carbon, titanium, cupper and niobium at 5 and 9 MeV, but aluminum only at 5 MeV. There are available DDTTNYs at 40 MeV for carbon and aluminum measured in Tohoku University [12] . Thus, DDTTNYs data for aluminum at 9 MeV are needed to investigate the deuteron energy dependence and to provide useful information for the design of deuteron accelerator facilities.
The purpose of this study is to measure DDTTNYs from an aluminum target irradiated with 9 MeV deuterons. The experimental result is compared with the previous measurements at 5 and 40MeV and the INCL model calculation made by the PHITS code, and the deuteron energy dependence of DDTTNYs is discussed.
Measurement
Details of the experimental set up have been reported in Refs [9, 10, 11] . The experiments were carried out at the 1st target room in the Kyushu University Tandem accelerator Laboratory (KUTL). A deuteron beam accelerated to 9 MeV was delivered to a compact vacuum target chamber 260 mm in diameter, which was insulated from other experimental apparatus to acquire the whole beam charge induced on the target. The chamber equipped a target frame which enabled to mount up to 4 target foils at the center, and had a 2-cm high window covered with a 125 m thick Mylar film on the side in order to reduce the scattering of neutrons emitted from the target in the stainless steel wall.
Aluminum and carbon foils 0.5 mm thick were set at the target frame of the vacuum chamber. The target thickness was chosen so that 9 MeV deuterons are stopped completely in the targets. The carbon target was used for comparison with our early data [10] and for after-mentioned detector calibration.
An NE213 liquid organic scintillator (50.4 mm thick and 50.4 mm in diameter) optically coupled with a Hamamatsu H6410 photomultiplier was employed as a neutron detector. The detector was placed in the distances from 1.6 to 2.4 m from the target. Neutron yields from the target were measured at nine angles of 0°, 15°, 30°, 45°,60°, 75°, 90°, 120° and 140° by changing the detector position.
In order to estimate the contribution of background neutrons scattered from the floor and walls in the experimental room, a measurement with an iron shadow bar (150 mm wide, 150 mm high and 300 mm thick) placed between the target and the neutron detector was performed for each direction as a background run.
Data Analysis
First of all, neutron events are extracted from light output spectra using two gate integration method because the NE213 scintillator is sensitive to rays in addition to neutrons. Fig. 1 shows a two-dimensional plot of the total and slow components of the NE213 light outputs. Neutron events are distinguished from ray events even in the low light output region.
Next, the measured light output spectra of neutron events per ADC channel are converted to those per light output units of MeVee. The ADC channels corresponding to the Compton edge for two standard ray sources, 28 Si reaction at 15° and the 12 C(d, n) 13 N reaction at 0° .
Finally, the neutron spectrum at each angle is obtained by an unfolding method using the response functions of the NE213 scintillator instead of a time-of-fight method because a pulsed deuteron beam was not available at KUTL. The response functions of NE213 scintillator calculated by the SCINFUL-QMD code [13] is shown in Fig. 3 . The unfolding of the measured light output spectra is performed by the FORIST code [14] based on the least squares method. Fig. 1 . Two dimensional plot of neutrons and gamma rays discrimination using the two gate integration method. 
Results and discussion
The experimental results of the double differential thick target neutron yields (DDTTNYs) from aluminum bombarded by 9 MeV deuterons at nine laboratory angles are shown in Figs. 4 and 5. The error bars of the spectra include both the statistical error and the uncertainty caused by FORIST unfolding. Individual systematic errors were estimated in the same way as described in [11] : (a) determination of the solid angles and angular offset of the beam (3.2%), (b) the uncertainty in the n-discrimination (5%), (c) the accuracy of response function calculated by SCINFUL-QMD (17%), and (d) the effect of neutrons scattered by materials and air (4%). The total systematic error amounts to be 18.5% by error propagation.
At forward angles, two humps are observed around 15 MeV and half the incident energy. The hump around 15 MeV corresponds to excitation of low-lying levels in the residual nucleus 28 Si by the 27 Al (d, n) reaction and the hump around half the incident energy is produced by breakup and stripping reactions.
In Fig.4 , the experimental data at 0°, 45°, 90° and 120° are compared with PHITS calculations. In the calculations, the Shen formula [15] was chosen as a calculation option of total reaction cross sections instead of the default option with the NASA formula [16] because the former formula provided better result than the latter in our early work on C target [10] . The dynamical process and the subsequent evaporation process are described with the JAERI quantum molecular dynamics model (JQMD) [17] or the INCL model and the generalized evaporation model (GEM) [18] , respectively. In the INCL model [4] , the incident deuteron is considered as an ensemble of two independent nucleons with internal Fermi motion superimposed on the motion of the incident deuteron, and the stripping (d, n) reaction can be described in such a way that the proton inside the deuteron interacts strongly with the target nucleus and is absorbed whereas the neutron flies away elastically. In this way, the INCL calculation reproduces reasonably well the hump around half the incident energy at forward angles. On the other hand, the JQMD calculation underestimates the measured neutron yield remarkably at forward angles and overestimates it at backward angles. The use of INCL model in PHITS looks reasonable to calculations of DDTTNYs. However, the humps observed around 15 MeV are not reproduced by the INCL calculation. The reason may be that the present INCL framework cannot deal with the transition to low-lying levels in the residual nucleus properly. Therefore, the other stripping models based on DWBA [19, 20] will be necessary to reproduce the humps around 15 MeV.
Finally, the incident energy dependence of DDTTNYs is discussed. The PHITS calculations using INCL model are compared with the measured DDTTNYs at 9MeV, 5 MeV [11] and 40 MeV [12] in Figs. 5 to 7, respectively. The calculations reproduce the hump around half the incident energy at forward angle reasonably well, while the calculation for 40 MeV overestimates the measurement data at forward angles. In addition, energy-integrated thick target neutron yields above 2 MeV are plotted as a function of laboratory angle in Fig. 8 . Strongly forward-peaked angular distributions are observed clearly for three deuteron energies. This tendency is enhanced as the deuteron energy increases. Although the PHITS calculation shows overall good agreement with the measured data, it overestimates them at forward angles in the case of 40 MeV. Further refinement of the INCL model is required to improve this discrepancy. Fig. 4 . Neutron spectra from a thick aluminum target bombarded by 9 MeV deuterons at 0°, 45°,90° and 120° compared with PHTIS calculations using the INCL and JQMD models. 
Conclusions
The double differential neutron yields from 9MeV deuteron incident on aluminum thick target were measured for validation of the reaction models used in PHITS code and investigation of the incident energy dependence. The experimental neutron energy spectra were derived from unfolding the light output spectra with FORIST code. The INCL model in PHITS code reproduces the experimental data better than that the JQMD model. By comparing the present data at 9 MeV with the other experimental data at 5 and 40 MeV, it was found that the tendency of strongly forward-peaked angular distributions is enhanced as the deuteron energy increases and the INCL model calculation is likely to overestimate this tendency.
